Mesenchymal stem cells (MSCs) are being recognized as a viable cell source for cartilage repair; however, it still remains a challenge to recapitulate the functional properties of native articular cartilage using only MSCs. Additionally, MSCs may exhibit a hypertrophic phenotype under chondrogenic induction, resulting in calcification after ectopic transplantation. With this in mind, the objective of this study was to assess whether the addition of chondrocytes to MSC cultures influences the properties of tissue-engineered cartilage and MSC hypertrophy when cultured in hyaluronic acid hydrogels. Mixed cell populations (human MSCs and human chondrocytes at a ratio of 4:1) were encapsulated in the hydrogels and exhibited significantly higher Young's moduli, dynamic moduli, glycosaminoglycan levels, and collagen content than did constructs seeded with only MSCs or chondrocytes. Furthermore, the deposition of collagen X, a marker of MSC hypertrophy, was significantly lower in the coculture constructs than in the constructs seeded with MSCs alone. When MSCs and chondrocytes were cultured in distinct gels, but in the same wells, there was no improvement in biomechanical and biochemical properties of the engineered tissue, implying that a close proximity is essential. This approach can be used to improve the properties and prevent calcification of engineered cartilage formed from MSC-seeded hydrogels with the addition of lower fractions of chondrocytes, leading to improved clinical outcomes.
Introduction
M esenchymal stem cells (MSCs) have emerged as a clinically relevant cell source for regenerative medicine, especially for cartilage repair. MSCs undergo chondrogenesis and deposit a cartilage specific matrix in a variety of natural and synthetic scaffold materials in the presence of the appropriate growth factors. 1, 2 In contrast to chondrocytes, which undergo de-differentiation with expansion in vitro, MSCs are readily isolated from patients and expanded for use. 3, 4 These features make MSCs an attractive cell source for delivery for cartilage repair.
As a natural polymer, hyaluronic acid (HA) hydrogels provide a stable 3D environment that is conducive to the chondrogenesis of MSCs in the presence of growth factors, leading to the formation of neocartilage in vitro. 5 We have previously shown that neocartilage production by MSCs can be optimized by using HA hydrogels with tunable degradation 5 and that specific interactions of MSCs with HA can lead to enhanced chondrogenesis, particularly when compared to alternative and inert hydrogels. 6 However, there is still room for improvement in the overall properties of engineered cartilage obtained by MSCs in HA hydrogels.
Specifically, it still remains a challenge to recapitulate the functional properties of native articular cartilage using only MSCs, particularly when compared to donor-matched articular chondrocytes, as shown in a bovine model. 7 In addition, MSCs exhibit a hypertrophic phenotype under chondrogenic induction, resulting in extensive calcification of the extracellular matrix (ECM) after ectopic transplantation. 8 These limitations will prevent the utility and widespread adoption of MSCs as a clinically viable cell source for cartilage repair. Thus, new approaches must be taken to improve cartilage properties and reduce MSC hypertrophy. Factors such as mechanical loading, controlling cell and matrix interactions, and engineered biomaterials have been investigated toward this end, yet only modest improvements have been seen. 9 Recent studies indicate that paracrine factors released by articular chondrocytes are able to induce the chondrogenesis of MSCs [10] [11] [12] and inhibit the terminal differentiation of growth plate chondrocytes 13, 14 as well as hypertrophy of MSCs in coculture. 11, 15 However, there have been few studies examining the effects of human MSC/chondrocyte coculture on the development of the functional properties of tissue engineered cartilage as well as MSC hypertrophy using a 3D scaffold system such as these HA hydrogels. Thus, the hypothesis of this study was that MSC/chondrocyte cocultures in engineered HA hydrogels could enhance the functional properties of tissue-engineered cartilage and inhibit the hypertrophic propensity of MSCs during chondrogenesis compared to MSC cultures alone. Importantly, this work is being performed using human MSCs and a potentially translatable and engineered hydrogel system, in an attempt to provide specific insight into clinical applicability. Also, this is a potentially clinically feasible technique, since low numbers of chondrocytes could be harvested and used without significant damage to healthy tissue and avoid the in vitro expansion and the corresponding issues related to de-differentiation. 16, 17 Materials and Methods
Macromer synthesis
Methacrylated HA was synthesized as previously reported. 18 Briefly, methacrylic anhydride (94%, molecular weight [MW]: 154.17, Sigma) was added to a solution of 1 wt% HA (sodium hyaluronate powder, research grade, MW *74 kDa, Lifecore) in deionized water, adjusted to a pH of 8 with 5 N NaOH, and reacted on ice for 24 h. The macromer solution was purified via dialysis (MW cutoff 6-8 k) against deionized water for a minimum of 48 h with repeated changes of water. The final product was obtained by lyophilization and stored at À208C in powder form before use. The final macromer products were confirmed by 1 H NMR to have a methacrylation rate of 27%. Lyophilized macromers were dissolved in phosphate buffered saline containing 0.05 wt% 2-methyl-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone (I2959, Ciba) for polymerization.
Sample preparation and tissue culture
Human articular chondrocytes were obtained via an 11 h collagenase digestion (0.05 w/v%, Sigma) of discarded human cartilage from total knee replacements (three male patients aged from 55 to 77). Human MSCs (Lonza) were expanded to passage 3 in growth media consisting of aminimum essential medium with 16.7% fetal bovine serum and 1% pen/strep. MSCs and/or chondrocytes were photoencapsulated in 1.5% methacrylated HA hydrogel disks (Ø5 mm, 2.5 mm thickness) and cultured in chondrogenic media (Dulbecco's modified Eagle's medium, 1% ITSþPremix, 50 mg/mL L-proline, 0.1 mM dexamethasone, 0.9 mM sodium pyruvate, and antibiotics) supplemented with ascorbate (50 mg/mL) 19 and transforming growth factor-b3 (TGF-b3; 10 ng/mL; R&D Systems), which was changed three times a week. 19 Cell viability was assessed using the LIVE/DEAD Assay Kit (Molecular Probes) where live cells are stained green with calcein-AM and dead cells stained red with ethidium homodimer.
Mechanical testing
At various time points (days 20, 42, and 80), samples were removed from the culture and the spatially averaged mechanical properties of construct disks were evaluated at selected time points using a custom table-top testing device as described previously. 20 Briefly, samples were first equilibrated in creep to a tare load of 2 g by a impermeable loading platen in a loading chamber filled with phosphate buffered saline, and from this offset, stress relaxation tests were performed with a single compression ramp at a speed of 10%/ min until reaching 10% strain. The peak stress was obtained at the moment of reaching 10% strain. The equilibrium Young's modulus (E Y ) was determined by the equilibrium load obtained after 1000 s of relaxation under unconfined compression at 10% strain, followed by tests for dynamic moduli at 0.1, 0.5, and 1 Hz and 1% strain amplitude. The Young's moduli of the tested samples became undetectable if the equilibrium load at the end of stress relaxation was lower than the initial tare load and was plotted as zero.
Gene expression analysis
For short-term gene expression analysis (3 and 14 days of culture), samples were homogenized in Trizol Reagent (Invitrogen) with a tissue grinder, RNA was extracted according to the manufacturer's instructions, and the RNA concentration was determined using an ND-1000 spectrophotometer (Nanodrop Technologies). One microgram of RNA from each sample was reverse transcribed into cDNA using reverse transcriptase (Superscript II, Invitrogen) and oligoDT (Invitrogen). Polymerase chain reaction (PCR) was performed on an Applied Biosystems 7300 Real-Time PCR system using TaqMan primers and probes specific for GAPDH (housekeeping gene) and other genes of interest. Sequences of the primers and probes used are listed in Table 1 . The relative gene expression was calculated using the DDC T method, where fold difference was calculated using the expression 2
DDCt . Each sample was internally normalized to GAPDH, and each group was normalized to the expression levels of MSCs at the time of encapsulation (i.e., after expansion and before differentiation). Relative expression levels >1 represent upregulation with culture, while relative expression levels <1 represent downregulation of that gene compared to that of initially encapsulated MSCs.
Biochemical analysis
One-half of each construct was weighed wet, lyophilized, reweighed dry, and digested in 0.5 mg/mL Proteinase-K (Fisher Scientific) at 568C for 16 h. The PicoGreen assay (Invitrogen, Molecular Probes) was used to quantify the DNA content of the constructs with Lambda phage DNA (0-1 mg/mL) as a standard. 21 For each sample, both the weight of the entire gel and the half gel used for the DNA assay was measured. The total amount of DNA per sample was calculated by scaling up the amount of DNA detected in the half gel by a weight ratio (total weight/half weight). The glycosaminoglycan (GAG) content was measured using the dimethylmethylene blue (DMMB, Sigma Chemicals) dye-binding assay with shark chondroitin sulfate (0-50 mg/mL) as a standard. 22 The overall collagen content was assessed by measuring the orthohydroxyproline content via dimethylaminobenzaldehyde and chloramine T assay. Collagen content was calculated by assuming a 1:7.5 orthohydroxyproline-to-collagen mass ratio. 23 The collagen and GAG contents were normalized to the disk wet weight.
Histological analysis
The other halves of the constructs were fixed in 4% formalin for 24 h, embedded in paraffin, and processed using standard histological procedures. The histological sections (8 mm thick) were stained for targets of interest using the Vectastain ABC kit and the DAB Substrate kit for peroxidase (Vector Labs). Briefly, sections were predigested in 0.5 mg/ mL hyaluronidase for 30 min at 378C and incubated in 0.5 N acetic acid for 4 h at 48C to swell the samples prior to overnight incubation with primary antibodies at dilutions of 1:100, 1:200, and 1:3 for chondroitin sulfate (mouse monoclonal anti-chondroitin sulfate, Sigma), and type I (mouse monoclonal anti-collagen type 1, Sigma) and type II collagen antibodies (mouse monoclonal anti-collagen type II, Developmental Studies Hybridoma Bank), respectively. Nonimmune controls underwent the same procedure without primary antibody incubation.
Statistical analysis
Statistica (Statsoft) was used to perform statistical analyses using two-way analysis of variance and the Tukey HSD post hoc test of the means (n ¼ 4 samples per group) with culture duration and experimental groups as independent factors.
Results
Human cells were photoencapsulated in HA hydrogels at a concentration of 20 million cells/mL, including MSCs alone, chondrocytes alone (at both 4 and 20 million cells/ mL), or mixtures of both MSCs and chondrocytes in the same gel (Fig. 1 ). An additional control included culturing gels of either MSCs or chondrocytes alone in the same well (2gels) (Fig. 1) . Live/dead staining of cells indicated that MSCs remained viable in all conditions (Fig. 2) . In contrast, the viability of articular chondrocytes seeded separately in HA hydrogels without MSCs (Chon4 and Chon20, chondrocyte constructs of the 2gels group [not shown]) decreased over time, and the majority (>90%) of the chondrocytes were dead by day 35 (Fig. 2) . Unconfined mechanical testing indicated that Mixed constructs seeded with a combination of MSCs and chondrocytes exhibited significant increases in peak stress, dynamic moduli, and Young's moduli over time, whereas these properties in all other groups remained relatively unchanged for up to 80 days of culture (Fig. 3A-C) . Peak stress, dynamic moduli (1 Hz), and Young's moduli of the Mixed group were significantly higher than those of all other groups by day 42 and reached values of 28.5 AE 1.3 kPa, 339.8 AE 29.3 kPa, and 23.4 AE 1.11 kPa on day 80, respectively ( Fig. 3A-C) . On day 80, the Young's moduli of the MSC and 2gels groups became undetectable due to the equilibrium load at the end of stress relaxation being lower than the initial tare load.
The Mixed group also developed significantly higher GAG content by day 42 and total collagen content by day 80 than all other groups (Fig. 3D, E) . GAG and total collagen content of the Mixed group reached 1.0% AE 0.1% and 1.9% AE 0.1% (mean AE standard deviation) of the sample wet weight, respectively (Fig. 3D, E) . The GAG content of the Chon4 and Chon20 was very low and the total collagen content of these two groups was not detectable (Fig. 3D, E) .
The DNA content of the Mixed group increased slightly and was higher than the MSC group on day 80, whereas the DNA content of the MSC and 2gels groups remained constant over time (Fig. 3F) .
Compared to undifferentiated monolayer cells, both the Mixed and MSC groups exhibited significant upregulation of type II collagen and aggrecan gene expression, which are major markers of chondrogenesis, whereas the expression of type I collagen remained unchanged from that of the preencapsulation MSCs (Fig. 4) . Compared to the constructs seeded with MSCs alone (MSC), the Mixed group had elevated aggrecan expression on both days 14 and 42, but collagen X expression was reduced on day 42 (Fig. 4) . The MMP13 expression of the Mixed group was also higher on day 14 but decreased to a level similar to the MSC group on day 42 (Fig. 4) . No significant difference in the expression of alkaline phosphatase was found between these two groups (Fig. 4) . Please note that the cells were normalized to MSCs alone at the time of encapsulation for both groups.
Immunohistochemical staining for type II collagen and chondroitin sulfate showed intense staining in the Mixed, MSC, and 2gels constructs on day 42, whereas there was
FIG. 3. Peak stress (A), dynamic modulus (1 Hz) (B), Young's modulus (C), GAG (D), total collagen (E)
, and DNA (F) content of all experimental groups (data presented as mean AE standard deviation). ND: not detectable, *p < 0.05 versus all other groups at the same culture time;
{ p < 0.05 versus MSC at the same culture time (n ¼ 4). The Chon20 group was not tested for mechanical properties due to poor early cell viability. GAG, glycosaminoglycan. little staining for type I collagen (Fig. 5) . There was little matrix staining present in the groups (Chon4 and Chon20) seeded with chondrocytes alone (Chon20 not shown) (Fig. 5) . Immunohistochemical staining for collagen 10A1 showed significantly lower collagen type X content in Mixed constructs than in MSCs alone (Fig. 6) .
In a follow-up study, human MSCs and human articular chondrocytes were encapsulated in mixtures with varying ratios (19:1, 16:4, 10:10, and 20:0 million MSCs:chondrocytes per mL). The 10:10 and the MSC alone group (20:0) developed significantly lower Young's modulus and GAG content than the 19:1 and 16:4 group after 42 days of culture (Fig. 7) . Although the DNA content was similar among all the groups, the 10:10 also had less total collagen content compared to all other groups (Fig. 7) .
Discussion
HA scaffolds are finding application as cell carriers in the repair of cartilage defects. HA is a linear polysaccharide involved in cellular processes like cell proliferation, morphogenesis, inflammation, and wound repair and interacts with cells, including MSCs via cell surface receptors for HA (CD44, CD54, and CD168). [24] [25] [26] [27] Recent studies demonstrated successful chondrogenesis of MSCs photoencapsulated in HA hydrogels formed through the radical polymerization of HA modified with methacrylate groups. 5, 6, 28 Despite the success, improvements in the functional properties of these constructs are still needed toward their clinical utility. In this study we showed that coculturing human MSCs with human articular chondrocytes in HA hydrogels enhances the mechanical properties and cartilage-specific ECM content of tissue-engineered cartilage. Furthermore, cocultures decreased the expression of collagen type X by MSCs, which is an important marker of MSC hypertrophy.
Several previous studies have shown that paracrine factors released by articular chondrocytes enhance the chondrogenesis of MSCs. 11, 12 Grassel et al. showed that coculture of murine MSCs with murine cartilage explants resulted in the elevated biosynthesis of type II collagen compared to
FIG. 4.
Gene expression (in fold change) of selected chondrogenic and hypertrophic markers with time in culture (data presented as mean AE standard deviation). Only the Mixed and MSC groups were compared due to limited viability in other experimental groups. *p < 0.05 versus MSC group (n ¼ 3). monoculture of MSCs. 11 Another study showed that differentiation of equine MSCs was enhanced by coculturing in association with mature articular chondrocytes, improving the expression of cartilage-specific genes such as col2a1, aggrecan, and sox9, and producing a more homogeneous ECM within the newly formed cartilage. 12 We observed significantly higher levels of aggrecan expression on day 42 and GAG content starting from day 42 in the engineered cartilage constructs seeded with a mixed population of human MSCs and articular chondrocytes (Mixed group) compared to constructs seeded with MSCs alone (MSC group). Although the expression of type II collagen was similar between these two groups, the total collagen content of the Mixed group was significantly higher than that of the MSC group on day 80. Based on our PCR results and immunohistochemical staining, which showed minimal expression and staining of type I collagen and significant upregulation of type II collagen expression, we postulate that the majority of the collagen content detected by the hydroxyproline assay performed was type II collagen. In addition, it has been shown that the mechanical properties (Young's modulus, dynamic modulus, etc.) of cartilage are generally positively correlated to the GAG and type II collagen content. 29, 30 Therefore, the enhanced Young's modulus and dynamic modulus of the Mixed constructs can be attributed to the elevated GAG and type II collagen content, respectively.
MSCs have also been shown to exhibit a hypertrophic phenotype under chondrogenic induction by TGFs, resulting in extensive calcification of the ECM after ectopic transplantation. 8 Meanwhile, studies demonstrated that articular chondrocytes secrete parathyroid hormone-related protein (PTHrP), 15 which can inhibit hypertrophy of chondrocytes or MSCs during chondrogenesis. [31] [32] [33] [34] In this study, the expression and biosynthesis of type X collagen, a major marker of hypertrophy, was significantly suppressed under the coculture condition (Mixed group) compared to the monoculture of MSCs (MSC group) on day 42. The expression of MMP13, another marker of MSC hypertrophy, in the Mixed group was higher on day 14 but decreased to a similar level as the MSC group on day 42. This suggested that the reduced deposition of type X collagen, a substrate of MMP13, in the Mixed group was unlikely due to enzymatic degradation by MMP13 but more likely due to a regulatory effect on its biosynthesis. In this study, human articular chondrocytes in monoculture (Chon4 and Chon20 group) exhibited decreasing viability in HA hydrogels over time. Similarly, the chondrocytes in the 2gels group also showed a similar trend of decreasing viability, resulting in no significant improvements in the mechanical and biochemical attributes that were observed in the Mixed group. While long-term viability of the chondrocytes seeded in mixture with MSCs is difficult to analyze, short-term viability studies using cell trackers showed that chondrocytes seeded in the mixture with MSCs (Mixed group) remained mostly viable up to day 7 (data not shown). Based on the significantly higher GAG and collagen content of the Mixed group than that of the other groups, we speculate that chondrocytes seeded in mixture with MSCs remained viable after day 7 and enhanced chondrogenesis of the surrounding MSCs. To support this hypothesis, chondrocytes and MSCs were seeded in mixture with various ratios (MSCs:chondrocytes at 1:19, 4:16, and 10:10 million/ mL). The constructs seeded with more chondrocytes (10:10 group) developed lower mechanical stiffness, GAG, and collagen content than those seeded with fewer chondrocytes (1:19 and 4:16 groups) . This indicates that the increased biosynthesis of GAG and collagen in the Mixed group was likely due to enhanced chondrogenesis of MSCs rather than enhanced biosynthesis by the chondrocytes, which is in contrast to the findings of previous studies. 35, 36 These results may be specific to the engineered hydrogel system that is used, as matrix interactions may control this response, particularly when changes in cell viability are observed.
However, future work is still needed to elucidate the specific mechanism of the interactions between MSCs and articular chondrocytes and its impact on MSC hypertrophy in vivo. For instance, the reason that seeding MSCs and chondrocytes in close proximity (as in the Mixed group) might have improved chondrocyte viability in the HA hydrogel still needs to be investigated. Furthermore, it was shown that HA hydrogel with a low macromer density as used in this study is fairly permeable to molecule diffusion, on the size scale of a range of growth factors. 28 Therefore, approaches to increase chondrocyte viability in the 2gels group (e.g., alternative material) may help determine whether the paracrine factors released by the chondrocytes located a greater distance will also promote the chondrogenesis of MSCs to a similar extent to that observed in the Mixed group where MSCs and chondrocytes were seeded in close proximity. In addition, candidate molecules such as tissue inhibitor of metalloproteinase1, tissue inhibitor of metalloproteinase2, MMP13, TGF-b, fibroblast growth factor-2, and PTHrP, were identified as prominent molecules secreted by the chondrocytes during coculture. 15, 32 The exact molecules released by the chondrocytes that enhanced MSC chondrogenesis in this 3D system need to be identified. Finally, the impact of coculture on MSC hypertrophy in vivo needs to be investigated in animal studies. A recent study showed that pretreatment of MSCs using hypertrophy suppressive molecules such as PTHrP or fibroblast growth factor2 did not prevent substantial mineralization of MSC pellets ectopically implanted in nude mice. 32 This indicates that a continuous suppression of MSC hypertrophy after in vivo implantation is necessary. Future animal studies are needed to evaluate the efficacy of MSC/chondrocyte coculture in containing MSC hypertrophy at ectopic sites in vivo. The findings from this study are potentially of clinical significance. When treating local cartilage defects, such as focal lesions, which are usually of small dimension but of irregular geometry, the advantage of this photocrosslinkable HA scaffold system is that the defects can be repaired with the HA hydrogel seeded with autologous MSCs in a precise manner. This allows close contact between the implanted MSCs and the articular chondrocytes in the surrounding host tissue, effectively forming a coculture system in vivo. As suggested by findings from this study, the interactions between these two populations of cells could result in enhanced chondrogenesis and reduced hypertrophy of the implanted MSCs and therefore lead to better clinical outcomes. Furthermore, when treating relatively large cartilage defects, it may be beneficial to deliver both MSCs and chondrocytes encapsulated in a mixture since host cartilage tissue might be too distant away for significant paracrine interactions to occur.
In conclusion, our findings demonstrate that coculturing human MSCs with human articular chondrocytes in HA hydrogels enhances the mechanical properties and cartilagespecific ECM content of tissue-engineered cartilage. Furthermore, coculture decreased the expression of collagen type X by MSCs, which is an important marker of MSC hypertrophy. These results indicate that the close proximity of chondrocytes in a defect filled with an MSC-containing hydrogel or the delivery of both MSCs and chondrocytes in one gel may improve neocartilage production and reduce hypertrophy compared to MSC alone hydrogels (e.g., in vitro culture) and lead to improved clinical outcomes. However, future work is needed to elucidate the specific mechanism of the interactions between MSCs and articular chondrocytes.
